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Abstract
This research evaluates the feasibility of using a flue pipe acoustic resonator to dis-
sipate energy from a refrigerant stream in order to achieve greater cooling power from a
cryorefrigeration cycle. Two models of the acoustic operation of flue pipe resonant systems
are examined: an electrical circuit analog that represents the linear approximation of the
acoustic system and a numerical model based on empirical data. The electrical analog yields
a symbolic representation for the power that can potentially be dissipated from the acoustic
stream. Ongoing research into these acoustic systems, however, shows that the electrical
analog, which neglects nonlinear effects, is incomplete and overestimates the operation of a
pipe. However, the analogy can be used to quickly find the order of magnitude of power
dissipated from the acoustic resonator. A subsequent data-based model allows for a more
accurate quantitative estimation of the potential efficiency of the flue pipe in extracting work
and thereby dissipating energy from a refrigerant stream. The efficiency of extracting work
from a refrigerant stream using the acoustic system analyzed here ranges from 10% to 60%.
The range is so large because the quality factor of the experimental flue pipe is unknown.
This quality factor is imperative in determining the power dissipation. Further research
should optimize the quality factor. A large quality factor causes less amplitude attenuation
than a small one, but a smaller one dissipates more of the stored energy. The results of
the models are compared to the efficiencies of existing technology, specifically the recently
invented thermoacoustic expansion valve (TEV). It is found that the efficiency of the TEV
is less than the theoretical results deduced from the numerical model. At an efficiency of
approximately 10%, the technology represents a gain in cooling power, but further optimiza-
tion using the results of this research can increase this gain even more.
Thesis Supervisor: John G. Brisson
Professor of Mechanical Engineering
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1 Nomenclature
A
C
C,
Cd
Ediss
E,
f
hin,
hout,JT
hout,r
hTEV
k
L
rh
H
P
Pi
Pdiss
Pin
Pout
Q
Qgain
Q2
Qe
Qj
R
Rd
Sin
Foot entry cross sectional area
Speed of sound in fluid
Isobaric specific heat
Constant volume specific heat
Dissipative branch capacitance
Energy dissipated by resonator
Energy stored in resonator
Frequency
Inlet enthalpy
JT expander outlet enthalpy
Reversible outlet enthalpy
TEV outlet enthalpy
Ratio of specific heats
Pipe length
Mass flow rate
Pipe width
instantaneous particle pressure
First mode pressure response
Blowing pressure
Power dissipated from resonator
Inlet pressure
Outlet pressure
Resonator quality factor
Heat gain from irreversibilities
Current through dissipative branch
Current to drive back emf
Net jet volume flow (current)
Gas constant
Dissipative branch resistance
Inlet enthalpy
S,
St
Tin
Tout
ATh
ATr
ATJT
ATTEV
u
U 1
Ui
Ww
Wac
WVmax
WTEv
x
Z2
Zdl
Ze
Zml
Zp1
Ztot
6P
Eac
ETEV
KAL
Pp
w
Pipe cross sectional area
Strouhal number
Inlet temperature
Outlet temperature
Isenthalpic temperature change
Reversible temperature change
Temperature change
TEV temperature change
Instantaneous particle velocity
First mode velocity response
Entreating jet velocity
Distance from edge of labium
to flue exit
Acoustic work
Maximum work
Work from TEV expansion
Position in pipe
Dissipative branch impedance
First mode mouth and pipe
Back emf series impedance
First mode mouth impedance
First mode impedance of the pipe
Total dissipative and back emf
impedance
Pipe end correction factor
Acoustic resonator efficiency
TEV efficiency
Pipe correction factor
Instantaneous energy density
Fluid density
Natural frequency
2 Introduction
In the field of cryocooling, there is a constant drive to achieve greater cooling power in
refrigeration. A number of recent developments, including technologies that take advantage
of thermoacoustic phenomena, reach towards ever higher efficiencies and power densities2 3 .
2.1 Refrigeration cycles
2.1.1 Vapor compression and intermediate cooling cycles
The vapor compression cycle is among the simplest refrigeration cycles. In the vapor com-
pression cycle, depicted in Fig. 1, the refrigerant, in its vapor phase, enters a compressor
from state 1 at a low temperature and emerges at a higher temperature and pressure in stage
2. The temperature of the stream is lowered with a condenser to state 3 and the refrigerant
is then expanded through a valve to a temperature below the refrigeration temperature at
state 4. At this temperature, the fluid absorbs heat from the environment and it changes
from a two-phase liquid-vapor system to a saturated vapor, state 1. To be used for the
standard vapor-compression cycle, the refrigerant must satisfy the following conditions: at
operating pressures the refrigerant's critical temperature must be above room temperature,
and its triple point must be below the refrigeration temperature. This is evident from the
vapor compression cycle's temperature-entropy diagram, depicted in Fig. 2. In essence, the
refrigerant's two phase region exists at temperatures slightly above room temperature and
slightly below the refrigeration temperature. A typical refrigerant has a triple point around
200 K. This limitation prevents most standard refrigerants from being used for cryocooling,
where very low temperatures are required.
Cryorefrigerants such as nitrogen and argon have a two-phase region that, at operating
pressures, occurs at very low temperatures. In order to use these cryorefrigerants, a new cycle
utilizes a precooling heat exchanger to lower the temperature of the fluid before introducing
it to a Joule-Thompson expansion valve.
The necessary modifications to the standard vapor-compression refrigeration cycle
Figure 1: A schematic representation of the standard vapor-compression refrigeration cycle. This
cycle works for commercial refrigeration, but is insufficient for cryocooling, which requires the use
of nonstandard refrigerants.
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Figure 2: In the standard vapor-compression refrigeration cycle, the refrigerant's critical tem-
perature must be above room temperature and the triple point must be below the refrigeration
temperature. Such refrigerants are insufficient for cryocooling.
are shown in Fig. 3. Here, low temperatures are achieved with intermediate cooling. A
refrigerant stream is iteratively compressed and cooled using a counterflow heat exchanger.
This heat exchanger removes heat from the high-temperature compressed stream by bringing
it into thermal contact with the cold stream exiting the refrigerator. In the diagram, the
refrigerant in state 2 is cooled to state 3 by the vapor moving from state 5 to state 1. Then,
just as in the vapor compression cycle, the refrigerant undergoes an isenthalpic throttling
from state 3 to state 4. In the temperature-entropy diagram, Fig. 4, the cooling power of
the refrigerator is proportional to the distance between state 4 and state 5. This cooling
power, however, can be increased if the expansion process, rather than being isenthalpic, is
made isentropic2.
2.1.2 Isentropic expansion
The isenthalpic throttling process (Fig. 4: 3 -+ 4) is an inherently irreversible process that
contributes substantially to the losses of the refrigeration cycle. A less wasteful but more
costly approach is to use a work-producing expander instead of a throttle valve in the cycle.
In a typical cryocooling refrigeration cycle, expansion of a gas is done with an isenthalpic
process using a throttle (Fig. 5a). This results in a low-temperature, low-pressure gas,
but all of the work that could have been extracted from the expansion is dissipated at low
temperature. Refrigerators that use work-producing expanders to extract the work normally
lost in a refrigerant stream (Fig. 5b), decrease the enthalpy of the exiting stream, thereby
increasing the refrigerator's cooling power by moving towards a more efficient isentropic
expansion2 . In the completely isentropic case, depicted in Fig. 4b, a reversible adiabatic
Figure 3: The cryocooling refrigeration cycle. This cycle uses a heat exchanger to precool the hot
stream entering the expansion valve with the cold stream exiting the refrigerator.
process terminates with the refrigerant stream at state 4' rather than state 4, thus increasing
the cooling power by the distance represented by 4 -- 4'.
Although these work-producing expanders improve the cooling power of the cycle over
cycles that use a throttle, the piston or rotor associated with the expander adds moving parts
to the refrigeration cycle, creating more potential failure modes. Many modern designs try to
eliminate these moving parts. Thermoacoustic expansion processes aim to dynamically lower
the enthalpy of a refrigerant stream during the expansion process using acoustic resonators
rather than expanders with moving parts2.
By running the refrigerant stream through an acoustic expander, it is possible to
extract acoustic work from the stream, thereby lowering the enthalpy of the exiting stream.
This technique takes advantage of the coupled particle pressure and velocity fluctuations
in acoustic waves22 . Refrigerators that use work-producing expanders instead of isenthalpic
throttles have a distinct advantage over conventional refrigerators because the refrigerant,
by losing energy during expansion, has a greater cooling power.
2.2 Acoustic expansion
The term 'thermoacoustics' generally applies to systems where time constants are used to
manipulate energy flows in acoustic systems. By selectively incorporating conductive mate-
rials and regenerators into a resonant tube, energy from a refrigerant stream can be moved
from the cold stream to a reservoir at a hotter temperature22. This research, however, fo-
cuses on using purely acoustic phenomena to extract work from the refrigerant stream. The
standard of comparison is a recent invention by Zhimin Hu of CryoWave Advanced Technol-
ogy, which will be described in detail in the next section. Although Hu's new valve relies on
acoustics to extract work, he nevertheless refers to it as a Thermoacoustic Expansion Valve
(TEV). This is something of a misnomer because his device does not couple thermal and
acoustic principles, as do most thermoacoustic units. In deference to Hu's work, however,
the TEV's name will be kept throughout the subsequent analysis.
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Figure 4: Both figures depict a typical cryocooling cycle, with intermediate coolers used to achieve
low temperatures. The intermediate coolers are heat exchangers that remove heat from the high-
temperature stream using the low-temperature stream. The refrigeration power of the cycle can be
increased if, rather than using an isenthalpic expander, as in (a), to bring the refrigerant at state
3 to its refrigeration temperature at state 4, an isentropic work-producing expander is used, as in
(b). The cooling power of the cycle thus increases by the distance from state 4 to state 4'.
2.2.1 Thermoacoustic expansion valve
In Hu's TEV, a high-pressure inflow enters a throttle where its pressure decreases and speed
increases. From the throttle, the refrigerant jet enters an acoustic chamber. In this chamber,
the high-speed jet drives acoustic fluctuations of stacked gas columns that dissipate heat to
the ambient surroundings as a result of these vibrations. The jet exits at a lower pressure
and temperature because the energy extracted by the acoustic waves is dissipated to another
heat reservoir that is thermally disconnected from the fluid stream. A schematic drawing of
Hu's TEV is reproduced in Fig. 6. Hu tested his TEV with five substances: air, nitrogen
(N2), carbon dioxide (CO 2), methane (CH4), and helium (He). The refrigerant inlet and
resulting outlet properties after it is expanded by the TEV and after it is expanded through
a regular JT valve are given in Table 1. Pin is the pressure at the inlet to the TEV, and Pot
is the pressure at the outlet. The temperature at the inlet is 293.15 K. The temperature
drop across the JT valve is ATJT and the measured temperature drop across the TEV is
ATTEV 16
The performance of the TEV can be compared to the operation of an ideal adiabatic
expander. This comparison yields a measure of efficiency for the TEV. The analysis necessary
to determine these efficiencies is presented in the following section. The findings for the
calculations, using Hu's reported mass flow rate of 5 g/s, are presented in Table 2.
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Figure 5: (a) An isenthalpic expander and (b) a work-producing acoustic expander that extracts
acoustic work during expansion. The refrigerant that exits the work-producing expander has a lower
enthalpy than when it entered, thus this expander increases the cooling power of the refrigerator.
2.2.2 TEV efficiency
In an ideal Joule-Thompson valve, the entering and exiting stream have the same enthalpy
(Table 2(3)):
hi (Pin, , T) = hout,JT(Pot, Tout ) (1)
where hin and hot,JT are the enthalpies of the refrigerant stream at the entrance and exit of
the JT valve, respectively. The inlet enthalpy is found from given temperature and pressure
conditions, and the temperature change can be determined from given outlet pressure con-
ditions and the fact that enthalpy remains unchanged. Such an isenthalpic expansion results
in a small temperature drop (Table 2(4)).
Hu, however, did not use an ideal Joule-Thompson valve. He found smaller temper-
ature drops (Table 2(5)) than are predicted by the isenthalpic case from his JT throttle,
suggesting the existence of an unaccounted heat transfer, Qgain. The heat transfer is de-
termined from the mass flow rate, rhi, and pressure, temperature, and enthalpy conditions
by
Qgain = rh(hin(Pin, Tin) - hout,JT(Pot, Tout)). (2)
Table 1: Results from experiments performed with Hu's TEV. [Hu 2007]
Air N2  CO 2  CH4  He
Pn [MPa] 0.515 0.515 0.515 0.515 0.515
Pot [MPa] 0.101 0.101 0.101 0.101 0.101
ATJT [K] J-T Valve < 0.3 < 0.2 < 0.1 < 0.1 0
ATTEV [K] TEV 7.8 7.8 7.5 7.0 9.8
.. hin~l
Table 2: Using data gathered by Hu from a standard JT expansion valve and the TEV, the
operating characteristics of a reversible JT expander and the TEV are determined. Data for air
are Hu's findings. The other calculations were not performed with air because specific enthalpy
and entropy data were unavailable from the NIST chemistry tables. All values are scaled to a mass
flow rate of 5 g/s.
Air N2 CO 2 CH 4 He
Operating conditions
(1) Pin [MPa]
(2) Pout [MPa]
(3) hin [kJ/kg]
(4) ATh [K] isenthalpic
Experimental valve
(5) ATJT [K] J-T Expander
(6) hout,JT [kJ/kg]
(7) Qgain [W]
TEV
(8) ATTEV [K] MTEV
(9) hTEv [kJ/kg]
(10) WTEV [W]
Reversible
(11) Sin [J/kg K]
(12) Wmax [W]
(13) hout,r [kJ/kg] isentropic
(14) AT, [K] isentropic
(15) ETEV
0.515 0.515 0.515 0.515 0.515
0.101 0.101 0.101 0.101 0.101
303.0 497.4 895.0 1529.2
-1.15 -5.15 -1.65 > 0.1
> -0.3 > -0.2 > -0.1 > -0.1 0
303.9 501.9 898.49 1529.7
0.047 0.225 0.175 0.025
-7.8 -7.8 -7.5 -7.0 -9.8
295.9 495.2 884.1 1476.7
-0.353 -0.108 -0.545 -2.625
6.33 2.41 5.78 24.50
-5.63 < -3.00 -10.18 -36.55
190.37 < 440 691.38 798.26
-109.15 > -80 -96.65 -140.50
0.06 0.036 0.05 0.07
Adjusting Mechanism
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Outflow
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Figure 6: A diagram of Zhimin Hu's thermoacoustic expansion valve (TEV). The refrigerant accel-
erates through a valve and drives a wave in the resonant acoustic unit. Acoustic particle vibrations
dissipate energy in the form of heat and the fluid exits at a lower enthalpy than when it entered.
[Image: Hu 2007]
There is a positive heat transfer (Table 2(7)), so the overall enthalpy of the exiting refrigerant
stream is higher as a result of the expansion process.
Using the lower temperatures Hu achieved with the TEV (Table 2(8)) and the outlet
pressure conditions (Table 2(2)), the new enthalpy, hTEV (Table 2(9)), of the fluid is found
with standard chemistry tables19 . The net work extracted by the TEV, WTEV (Table 2(10)),
is found from the difference between the entering and exiting enthalpies,
WTEV = m hi(Pin, Tin) - hTEv) (3)
assuming there is no net heat load to the TEV.
To assign a figure of merit to the operation of the TEV, it is necessary to find the
maximum work, Wmax, that can be extracted from the refrigerant stream. In a reversible
adiabatic expansion process, the entropies of the entering and exiting streams (Table 2(11))
are equal at the inlet and outlet. Under isentropic conditions, the work (Table 2(12)) that
can be extracted from the refrigerant stream is
rhhin Lzz2IZII rhh0u
gain
Figure 7: The irreversibilities in a normal Joule-Thomson expander result in a heat gain from the
surrounding environment. As a result, JT expansion is not a perfectly isenthalpic process.
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Wmax = r (hout,r (Sin, Pout) - hin (sin, Pin)). (4)
Using entropy constituent relationships2 , the work that can be extracted is
Wmax =T (• k RT 1 - (Put(k-1)/k (5)
where k is the ratio of the isobaric specific heat of the refrigerant, cp, to its specific heat at
a constant volume, c,, and is given by
k =-c" (6)
Using the conservation of energy, the resulting outlet enthalpy (Table 2(13)) can be
determined during steady state operation from the following equation,
dE
dE = Wmax + ih(hin - hout,r) = 0. (7)dt
In the steady state, the outlet enthalpy is the difference between the work extracted by the
expander and the total energy carried by the mass flow a the inlet. At these isentropic
conditions, the resulting enthalpy drops are dramatic, so isentropic work extraction results
in a drastic decrease in the refrigerant's temperature (Table 2(14)).
Because the enthalpy of the refrigerant stream expanded through the TEV is lower
at its exit than its entry, the work done on the stream is negative, representing a loss of
energy from the refrigerant stream. This sign convention is used throughout all subsequent
analysis. The efficiency of the TEV, ETEV (Table 2(15)), is measured by comparing the TEV
work extraction to the work extracted from an ideal expander,
WT E V
TEV= (8)
Using this analysis, the efficiency gains of the TEV range from 0.03 when carbon
dioxide is the refrigerant to 0.07 when helium is used. Although this represents some gain
in the cooling power of the refrigeration cycle, the temperature drops that result from Hu's
TEV are small compared to those of the isentropic case.
Currently, thermoacoustic units are approached from a combined thermodynamic and
acoustic perspective. The particles in a resonant chamber with an internal heat stack are
set in motion by the driving pressure of an entering gas stream"16 . The resulting particle
vibrations release energy in the form of heat. This heat is then dissipated from the chamber,
and as a result the refrigerant stream exits at a lower contained energy, or enthalpy, than
when it entered. The flue pipe resonator can be an acoustic power dissipater. Purely
using acoustic principles, work can be extracted from an entering refrigerant stream when
it generates waves at the pipe's resonance and some of the energy in the wave is dissipated
from the resonator. The aim of this research is to determine the value of using such a
work-extracting system.
flue channel
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Figure 8: A cross-sectional view of an organ flue pipe. A jet of air enters the foot of the pipe,
accelerates through the flue channel, and then impinges on the sharp-edged labium. At the labium,
the non-linear interactions of the jet with the labium as well as the internal conditions of the pipe
determine whether the jet enters the pipe to drive a resonant air column, or exits through the
mouth. [Image: Verge 1996]
3 Flue Pipe Acoustic Resonators
3.1 The organ flue pipe
A mechanism similar to the one used in organ pipes can be used to establish a wave in a
resonant chamber. An organ pipe is a member of the flue pipe family. In a flue pipe, shown
in Fig. 8, a jet of air in the foot of the pipe enters the flue channel, emerges from the flue
exit, and enters the mouth of the pipe. Here it impinges on a sharp-edged labium and either
enters the pipe under the labium or exits through the mouth and over the labium2.
Whether or not the jet enters the pipe depends on the variable pressure and particle
velocity in the mouth. As a result of the fluctuating acoustic wave, the pressure in the mouth
is alternately above or below the pressure outside of the resonant pipe. If the pressure in the
mouth is below the pressure outside of the pipe, the air from the flue exit will enter the pipe,
and mix with the resonant wave in the pipe. The acoustic signal inside the pipe corresponds
with the natural resonant frequencies of the pipe6,7. The interactions are complicated, and
there are many non-linear effect that go on in the pipe. The nonlinear effects that complicate
the model include vortex shedding at the labium, viscothermal effects, and sound radiation
from the end of the pipe2 5,26
A standard pipe with geometry similar to that described above was used for a number
of experiments to determine transient and steady-state pipe operation under a variety of
driving conditions 24 . The physical characteristics of this experimental flue pipe are listed
in Table 3. The pipe used in the experiments was open at the end. An open pipe voices
all of its harmonic modes, while stopped pipes mute all even-numbered harmonics 12. For
the purposes of this study, this difference is neglected because energy from only the first
harmonic is considered.
Table 3: The physical characteristics of the experimental flue pipe used in all of the experiments
described in this research. This data comes from Verge et al.'s 1993 paper 24 .
Experimental Pipe Characteristics
Wall material Brass
Length [mm] 283.00
Labium angle [0] 15.00
Width, H [mm] 20.00
Foot entry area, A [mm 2] 2.50
Foot length [mm] 75.00
Foot volume [mm 3] 34000.00
Foot to exit channel [mm] 20.00
Flue exit height, he [mm] 1.01
Flue exit to lower wall length [mm] 19.92
Flue exit to lower edge of labium, yo [mm] 0.30
Distance from edge of labium to flue exit, W [mm] 4.05
Mouth surface area, Sm [mm 2] 81.00
Pipe cross sectional area, S, [mm 2] 404.40
W/H 0.20
W/he 4.01
End correction, 6, 9.90
Jet velocity at flue exit, vj [m/s] 26.00
Jet volume flux, Qj [m3/s] 0.0005
Density of air, p [kg/m 3] 1.20
Speed of sound in air, c [m/s] 330
Mass flow rate, rh [g/s] 0.6302
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Figure 9: (a) An acoustic circuit representing the operation of a flue-pipe. The circuit elements
behave the same way as if it was an electric circuit. The mouth acts as a resistor and inductor in
series. It is parallel to the resonant pipe, itself a resistor and capacitor in series. (b) To simplify
the calculations of power dissipation, the resistances, capacitance, and inductance are modeled as
impedances whose values derive from the geometries of the pipe and the acoustic properties of the
fluid media. There is an effective impedance, Ze, that, due to its negative magnitude, effectively
supplies power back to the resonant circuit, inducing a back emf to model acoustic oscillations 7.
3.2 Circuit analog to flue pipe acoustic system
A number of attempts have been made to quantify the sound production resulting from
a flue-pipe mechanism. The action within these pipes has been studied extensively with
the intent of understanding and perfecting the performance of flue-pipe instruments. Many
advances were made in the 1970s, and the resulting models were further modified and tested
in the 1990s 13
Many acoustic systems lend themselves to analogies with electrical systems because
of a number of important common features, such as the resonant properties and the partially
linear dynamics of the system. One of the earliest attempts at quantifying the behavior of a
flue organ pipe with such an electrical analogy, by John Coltman, defined the entering volume
flow of the fluid as a direct current and the resulting acoustic oscillations as an alternating
current6 . This set the precedent for subsequent models that further modified the electrical
analogy to explain the behavior of a flue-pipe. The impedances of the mouth and resonator
were determined from the geometry of the flue-pipe. The most complete electrical circuit
analogy is reproduced in Fig. 9 from the work of Samuel Elder, who combined the previous
works of Cremer and Ising and Coltman to produce a general model of the operation of a
jet-driven organ flue pipe' .
This model introduces electronic circuit elements as analogous to the interactions
of the pipe and fluid with its driver. In general, the inductive element of an electronic
circuit corresponds to the acoustical inertance of the pipe, the capacitance corresponds to
the compliance, and the electrical resistance corresponds to acoustical resistance. However,
in a complicated geometry, these elements are hard to define individually. Consequently,
they are frequently combined into total impedances. The acoustic impedance is a measure
of overall resistance, and is the ratio of acoustic pressure to volume flow. Similarly, electrical
resistance is the ratio of voltage to current. With this relationship established, the acoustic
volume flow in the pipe is analogous to an electric current. The particular circuit analog to
the flue pipe resonator has an RLC loop that forms a harmonic oscillator. The oscillator
produces the strongest signal in the first mode. As a result, the analysis presented herein
focuses on the acoustics of the first mode. Subsequent modes require significantly more
rigorous modeling with little effect on results.
In Coltman's circuit model, the acoustic pressure inside the resonant tube is produced
by a jet that oscillates sinusoidally over and under the pipe labium. Elder generalizes this
sinusoidal drive by adding a series impedance, Ze, to the parallel network of the pipe and
mouth impedances. This allows for the more realistic simulation of a drive that enters the
flue as a direct current and, as a result of impinging on the labium, becomes an alternating
sinusoidal current. To achieve this effect, the magnitude of Ze is negative. The impedances
of the acoustic circuit are derived from the pipe geometry and the acoustic properties of the
fluid media. Therefore Ze effectively closes the circuit and provides a driving 'back emf'7 . In
essence, this impedance is included to validate the electrical analogy because the interactions
of the geometry of the pipe and the internal acoustic signal with the incoming air jet are
much more complicated than can be represented with a typical electric model. The effective
parallel impedance of the pipe and the mouth, Zdl, is
Zdl Zm Zpi (9)
Zmi + Zpi
where Zmi and Z,1 are the effective mouth and pipe impedances, respectively, and are
approximately equal near resonance. The magnitudes of these impedances near resonance
are given by
IZmll jIZpl = P(rAL) (10)
where p is the density of the working gas, c is the speed of sound through the gas, S, is the
cross-sectional area of the pipe, r, is the acoustic propagation constant, and AL is the pipe
correction length. The product rAL is on the order of 0.3. The necessary back emf series
impedance to maintain steady oscillations is
-2ZmipUj/S,Ze (11)Zmi + Zpi
where Uj is the velocity of the jet entering the pipe'. Eq. 11 inherently includes the value of
the pipe impedance, Z,, because Ze has the same magnitude as the parallel pipe and mouth
impedances. Thus, from circuit analysis, Z, 1 is 2pUj/S,. Assuming a jet entry velocity of
130 m/s, air density of 1.2 kg/m 3 , and pipe cross-sectional area of 404 mm3 , this leads to a
Z, 1 of 5x105 Pa - s/m. At resonance, this is the same as the value of the mouth impedance,
Zmi.
m} tot
Figure 10: A modified circuit that includes a dissipative branch parallel to the back emf impedance
Ze. This circuit allows for the analysis of power dissipation through the flue-pipe acoustic system.
3.3 Addition of a power-dissipating branch
In this analysis of the organ flue pipe, no power is intentionally dissipated from the acoustic
wave. In order to simulate power dissipation from the acoustic wave, a series resistor-
capacitor was added in parallel to the driving back emf impedance Ze in Elder's electric
circuit. This modification is shown in the circuit of Fig. 10. The new power-dissipating
impedance branch is outside of the resonance-inducing RLC loop and therefore has little
effect on the natural frequencies of the oscillating system, which are established by the
impedances of the pipe and mouth. Essentially, this branch determines the power that is
dissipated from the RLC loop.
By employing the electric circuit analogy, it is possible to determine the maximum
power that can be dissipated through the new branch. As outlined above, the modified
circuit contains an additional effective impedance, Z2 , from the dissipative Rd - Cd series
branch. Using circuit analysis, this impedance is
1
Z 2 = Rd + (12)
j1Cd
The capacitive element of the branch represents the low-pressure reservoir at the outlet of the
pipe. This capacitance, Cd, can thus be modeled as infinite. As this capacitance approaches
infinity, the impedance Ze is equivalent to the resistance, Rd, of the branch:
Z2ICda-oo = Rd. (13)
Therefore, the total impedance, Zto, of the bottom branch of the circuit is
Z2Ze RdZeZtt = 2  e - dZe (14)Z2 + Ze Rd + Ze'
In the electrical analogy of the acoustic circuit, the jet volume flow is analogous to the
electric current. A fraction Ql/Qj, of the total volumetric flow entering the pipe, Qj, drives
the back emf while the other fraction Q2/Qj dissipates power. Together, these fractions
account for the total volumetric flow rate of the stream:
Qj = Qe + Q2 (15)
Just as the voltage drop across two parallel branches is equivalent, the pressure am-
plitudes resulting from the two parallel acoustic impedances are equal. Using this equality,
an expression for the flow through the dissipative resistance can be derived from the known
quantities of total jet flow and the two parallel impedances:
QeZe = Q2Z 2 = Q2Rd- (16)
The flow circulating through the dissipative branch is thus
Q2 = Q Z e•+ (17)Rd + Ze
The power dissipated per cycle, Pdiss, from the dissipative impedance is given by
Q2RdPdiss = QRd (18)
Finally, substituting the flow through the impedance branch into the expression for
power shows that the dissipated power is a function of the square of both the entering stream
and the ratio between the driving impedance and the dissipative resistance. This power is
Pds = (Q Rd + Ze Rd/Sp. (19)
The maximum power dissipation from this branch occurs when
dPdi" = 0. (20)dRd
It is found that an extremum of the dissipated power appears when the resistance from the
dissipative resistor is equal to the impedance of the branch necessary to drive the back emf:
Rd = Ze. (21)
The second-derivative test shows that this extremum is a maximum. In the electrical analogy,
this finding is equivalent to the maximum power transfer theorem. This theorem says that
maximum power is delivered to an impedance branch when the magnitude of its reactance
matches the magnitude of the other impedances in the circuit. In other words, impedance
matching leads to the greatest power loads in the branch5 . Since the effective reactance
impedances in the two branches are the same, an equal amount of the power from the jet
will enter into each branch of the electrical model. The total power leaving the dissipative
branch per cycle at the maximum resistance is
1 ZeQf
Pd = ss (22)
4 S,
The work that can be extracted is the product of Pdiss and the number of cycles per second,
or inverse frequency of the acoustic wave generated in the pipe, 1/f. Using the geometry
of the pipe given in Table 3, and the acoustic properties of air, with a density of 1.2 kg/m 3
and a sound propagation speed of 330 m/s, the magnitude of the impedances at the pipe
mouth and in the pipe, Zm and Z,, are found to be 5x10 5 Pa - s/m. The driving back emf
impedance and, consequently, the magnitude of the dissipative resistance in the additional
power-dissipating branch are 1.2x10 6 Pa - s/m. At a driving pressure of 10 kPa, the acoustic
velocity in the pipe is 25 m/s, resulting in a volume flow rate inside of the pipe of .01 m3/s.
Thus, from equation 22, the power that can be dissipated from this jet is 14 W.
However, this value exceeds the energy that is available in the entering stream. From
eq. 5, the maximum work that can be extracted from the gas is approximately 7 W. This
is a clear contradiction that likely stems from the electrical analog's neglect of important
nonlinear effects that influence the response of the flue pipe resonator. This simple first law
analysis demonstrates the importance of including these effects to accurately quantify the
resonator behavior.
The electrical analogy was constructed to enable an analytical approach to modeling
the behavior of an organ flue pipe. To date, there is still no commonly accepted model.
Subsequent numerical analyses showed that neglecting nonlinear effects-as do the electrical
analogies-results in values that are inconsistent with data 25,26 . Typically, neglecting these
effects yields a significant overestimate of the resonant response of the pipe. Thus, the current
circuit analog is severely limited. More recent numerical work, which will be discussed in
the following section, has shown better agreement with experiment.
4 Data Based Numerical Analysis of Flue Pipe
Recent work by Verge et al. uses numerical analysis to model the dynamics of flue pipe
instruments. Previous attempts that used an electrical analogy to model the flue pipe res-
onator with a circuit, such as those of Elder and Coltman, neglected non-linear effects to
facilitate constructing circuits with electrical elements to represent he acoustic system. Verge
et al.'s numerical analysis is based on empirical data that accounts for these nonlinear effects,
including vortex shedding at the labium, viscothermal effects in the pipe, and the unstable
contribution of the alternating acoustic sources on either side of the labium 25,2 6. They use
their results to build a symbolic model of the acoustic response of a pipe under variable
operating conditions. Their model depends on the geometry of the resonator, acoustic prop-
erties of the fluid, and a number of dimensionless figures. Using their data, they determine
the optimal values of these dimensionless figures. In this respect, their model is not purely
symbolic.The results of their model, shown in Fig. 11a, is closer to the empirical data than
the results from a model that neglects these effects, as in Fig. 11b. Using models that
neglect nonlinear effects yields a response that is six times bigger than the response yielded
by the numerical non-dimensional analysis of Verge et al..
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Figure 11: (a) The simulated pipe pressure response signal when nonlinear effects are taken into
account. (b) Neglecting nonlinear effects results in a pressure response signal six times greater than
(a). For both cases, the driving pressure was 100 Pa. [Image: Verge et al. 1996]
In this section, Verge's numerical model is briefly explained. The model yields the
first-mode resonant acoustic particle pressure, pi, and velocity, ul, of a flue pipe under
specified operating conditions.The acoustic response can be used to find the energy stored
in the pipe. The quality factor of the pipe represents the relationship between the energy
stored in the resonator and the energy that can be dissipated from the resonator according
to the following equation
2rE,Q-= E, (23)Ediss
where E, is the energy stored in the resonator, Edi,, is the energy that is lost from the
resonator per cycle. The rate at which work that can be extracted from the resonator is the
product of the energy dissipated per cycle and the frequency of the response.
Wac= Edif. (24)
Thus, the acoustic work that can be extracted from the resonator is found from the results
of applying Verge et al.'s model to find particle pressure and velocity amplitudes in the
resonator and from presumptions about the quality factor of the resonator. The acoustic
work extraction rate is compared to the maximum possible work that can be extracted from
a refrigerant stream that enters and exits at the same conditions as a stream entering the flue
pipe. This comparison yields an efficiency rating using the same procedure as that outlined
in a previous chapter. The resulting efficiencies can also be compared to those of Hu's TEV.
4.1 Numerical flue pipe model
In Verge et al.'s model, the jet enters the flue pipe with a pressure of pf. The jet is driven
at a pressure that causes a subsonic jet entrance velocity Uj, so Bernoulli's principle can be
used to find the velocity at which the jet enters the pipe. This yields an entering jet velocity
of
U = . (25)
The experimental ratio of the acoustic particle velocity to the jet drive velocity as a function
of the inverse Strouhal number is shown in Fig. 1225,26. The inverse Strouhal number at
the pipe entry is 6 when the pipe has its peak pressure amplitude response. The Strouhal
number is the ratio of the time it takes a particle to travel through the mouth of the pipe,
W/Uj, to the inverse of the resonant frequency, f, of the pipe25,26:
St = (26)
1/f
The Strouhal number, importantly, accounts for vortex shedding at the labium of the pipe,
a nonlinear pipe effect that is discounted in the electrical analogy described above. This
Strouhal number condition, therefore, determines the frequency response f of the resonator.
In addition, Verge et al. find that at this inverse Strouhal number, the first mode acoustic
particle velocity ul reaches a maximum, that is one fifth of the entering jet velocity
U1= 1 Ui (27)
At this acoustic particle velocity, the first-mode pressure amplitude is a maximum and is
given by
ulpcW
P- H (28)
The pipe width, H, and distance from the flue exit to the labium, W, are given in Table 3,
where the physical characteristics of the experimental flue pipe are outlined. The speed of
sound propogation, c, varies according to the fluid, as does the density, p, of the fluid. The
acoustic properties of the fluids analyzed in this research are given in Table 4. Applying these
figures to Verge et al.'s analysis yields a pressure amplitude in air of approximately 2100 Pa,
which is comparable to the experimental result of approximately 2250. The experimental
first mode pressure response to driving pressures pf ranging from 0 to 10 kPa is shown in Fig.
1326. Using the analysis presented above and the acoustic properties of the various gases as
given in Table 4, the resulting entering jet velocity, frequency response, and acoustic particle
velocity and pressure amplitudes are given in Table 5.
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Figure 12: The dimensionless acoustic velocity plotted against the inverse of the Strouhal number.
From these experiments, the maximum internal particle velocity amplitude happens at an inverse
Strouhal number of 6 and is equal to 1/5 of the driving jet velocity. [Image: Verge et al. 1996]
4.2 Predicted power dissipation using numerical model
The energy that can be stored in a fluid element at a pressure p and velocity u is referred
to as the instantaneous energy density, I, and is given by
S= P (U2 + . (29)
This energy density is the sum of both the kinetic energy of the particle and the stored
acoustic potential energy. In this case, the pressure p and velocity u are that of a specific
volume element at a given time and position in the pipe. Therefore, these values vary within
the pipe and over time. The first mode pressure and velocity for an open ended resonator
(extending from x=-L/2 to x=L/2) have the form
Table 4: Acoustic properties used to determine the power that could be stored in an acoustic wave
generated with a flue-pipe as described by Verge et al.'s model.
Acoustic Properties of
Refrigerants
Refrigerant Density [kg/m 3 ] Speed of Sound [m/sec]
Air 1.200 331
N2  1.251 353
CO 2  1.980 260
CH4  1.819 460
He 0.179 1000
-
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Figure 13: Experimental results of the fundamental response amplitude, pi, in the flue pipe as a
function of the driving frequency, pf. [Image: Verge 1996]
p = pi cos( ) cos(wt) (30)L
U = - sin(x-) sin(wt) (31)
pc L
where P1 is the amplitude of the pressure response. The energy density can be integrated
over the length of the pipe
E. = JSds (32)
to yield a result that is independent of position, and, conveniently of time. The result of
this integration is the total energy stored in the resonator,
E, = SpL 1 (33)4 pc2'
4.2.1 Power dissipation quality factor dependence
Returning to eqs. 23 and 24, the work extracted from an acoustic resonator with a quality
factor of Q is
lac 2rE, f (34)Q
A resonator with a very high Q has sharp peaks in the frequency spectrum. Such a resonator
is said to have a sharp resonance. A resonator with a very low Q, on the other hand, has
a broad resonance that responds with smaller amplitudes to a broader range of frequencies.
Verge et al. do not specify the quality factor of their experimental resonator. Dr. Mico
Hirschberg of the Technical University of Eindhoven, a coauthor of a number of papers
on which this research was based, Dr. Hirschberg revealed that the quality factor of the
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experimental flue pipe had not been determined. However, he outlined a methodology for
determining the quality factor. Dr. Hirschberg said that the quality factor depends on the
frictional and radiation losses from the pipe. The frictional losses can be determined from
the geometry of the pipe and Kirchoff's formula. If the mouth and the end of the pipe are
each treated as monopole sources, one as a source of driving waves and the other of reflected
waves, the radiation losses can be found (personal communication, May 26, 2008). Since
these losses were not calculated, and upper bound quality factor of 200 is assumed, with a
lower bound of 50. They yield very different results. Visual analysis of power spectra from
the pipe reveal that the quality factor is likely on the order of 100. Subsequent calculations
are based show results for three quality factors: 50, 100, and 200.
4.3 Efficiency of flue pipe resonators
Finally, once the work that can be extracted is determined, the efficiency of the acoustic flue
pipe under the conditions described herein is defined as
Wac
eac - (35)
Wmax
The results of dissipating work using a flue pipe are compared to the previous findings
from an isenthalpic JT expander, and a reversible adiabatic work-producing expander. Be-
cause the jet drive pressure was kept constant for all of the refrigerants, the mass flow rates
vary among the refrigerants because of the different densities of the fluids and the resulting
varying jet drive velocities. This mass flow rate rh is determined from continuity,
mn = pUjA (36)
where A is the cross-sectional area of the foot, where the jet enters the pipe. The mass flow
is necessary to determine the maximum work that can be extracted from the stream as well
as the work resulting from isenthalpic expansion. The procedures for finding these values are
outlined in a previous section. The results of all these calculations are presented in Table 6.
The efficiencies associated with using a flue pipe to extract acoustic work from an
entering refrigerant stream are comparable to the efficiencies Hu obtained with the TEV. At
a resonator quality factor of 100, they range from 0.1 to 0.34. The resulting temperature
drops are between 1 and 3 K.
5 Discussion
Extracting work from an expanding fluid is an effective method of increasing the cooling
power of a refrigeration cycle. In a typical refrigeration cycle, a fluid is expanded using an
isenthalpic throttle, though due to irreversibilities, there are slight heat gains. By dissipating
energy from the expanding fluid, the expansion moves from an isenthalpic process to a more
efficient isentropic one. The feasibility of using a flue pipe resonator-similar to that found in
organ pipes-to extract work from an expanding fluid is analyzed. Due to incomplete data,
Table 5: The results of using Verge's numerical models to calculate the acoustic behavior in a flue
pipe. The blowing pressure, pf, is 10 kPa.
Refriger- Entering Frequency Acoustic Pressure Energy
ant jet velocity [Hz] particle amp [kPa] stored
[m/s] velocity per cycle
[m/s] [J/cycle]
Air 129.10 5400 25.82 2.08 0.0046
N2  126.44 5300 25.29 2.26 0.0046
CO2  100.50 4200 20.10 2.10 0.0046
CH4  104.86 4400 20.97 3.55 0.0046
He 334.64 14000 66.93 2.42 0.0046
the results of this analysis are not quantitatively conclusive. However, even a lower bound
efficiency estimate shows that efficiency gains can be made by using a flue pipe to extract
work during fluid expansion. These results support and expand upon an extant acoustic
dissipater, the thermoacoustic expansion valve (TEV). The performance of the TEV was
analyzed to determine its efficiency compared to that of an ideal, adiabatic, work-extracting
expander. Using five different refrigerants: air, N2 , CO2, CH4 , and He, the efficiency of
the TEV is on the order of 10%, with some variation for different refrigerants. This is
comparable to the lower-bound estimates derived from analysis of a flue pipe resonator. The
analysis also showed, however, that through optimization of certain parameters-specifically
the quality factor of the resonator-the efficiency of the flue pipe power dissipater can be
further improved.
Two models that explore the behavior of flue pipes were presented. First, an electric
circuit analog of an acoustic system is shown to be a simple way to analyze the interactions of
the driving jet, the flue pipe sound production mechanism, and the resonant pipe. However,
nonlinear effects are not included in these electrical analogs. Consequently, the results of
such models overestimate the behavior of the pipe. Literature suggests that these models
are a good way to estimate the order of magnitude of the induced acoustic signal in the pipe,
but that their predictions overestimate the steady-state performance of the pipe. Therefore,
the use of a procedure similar to electric circuit analysis overestimates the power dissipation
potential of a flue pipe. This is evident from a simple first law analysis, which shows that the
use of the electrical analog yields an energy dissipation value greater than that used to drive
the circuit. If the electrical analogy is made more sophisticated by incorporating nonlinear
effects like vortex shedding at the pipe labium and viscothermal effects within the pipe, the
circuit analogy will yield more accurate predictions of both pipe behavior and, consequently,
the power that can be dissipated from the resonator.
Second, an accurate numerical model based on experimental data is constructed to
predict the behavior of a flue pipe. It accounts for nonlinear effects that are neglected by
the electrical analog. Using this model, the work extraction potential of the specific flue
Table 6: This table summarizes the potential power that can be dissipated from four different
working gases (nitrogen, carbon dioxide, methane, and helium gas), by using a flue pipe to extract
work from an expanding stream. The results are calculated for three pipe quality factors: 50, 100,
and 200. The inlet temperature is 293.15 K.
Pin [MPa]
Pot, [MPa]
n [g/s]
hin[kJ/kg]
Joule Thompson
AT [K] isenthalpic
Flue Pipe
Wout [W]
hout [kJ/kg] acoustic
AT [K] acoustic
Reversible
Sin [J/kg K]
ho,,t [kJ/kg] isentropic
AT [K] isentropic
Wmax [W]
Eac,Q=50
ac, Q=100
Cac,Q=200
Air
0.111
0.101
0.8
N2 C0 2 CH 4
0.111
0.101
0.8
304.4
< 0.1
-1.58 -1.54
302.4
-1.6
6.79
295.91
7.82
-6.72
0.111
0.101
1
501.5
0.111
0.101
1
898.7
He
0.111
0.101
0.3
1527.9
< 0.1 < 0.2 < 0.2
-1.23
500.3
-1.5
2.71
497.85
4.45
-3.58
-1.28
897.4
-0.65
6.59
884.99
6.25
-13.07
-4.08
1514.3
-2.65
27.69
1472.10
10.75
-16.69
0.46 0.68 0.20 0.48
0.23 0.34 0.10 0.24
0.12 0.17 0.05 0.12
pipe used by the experimenters can be determined as a function of the pipe's quality factor.
Unfortunately, this quality factor is not presented in the research relating to this pipe. As
a result, only upper and lower bounds can be established for its work-extracting potential.
The upper and lower bounds establish a wide range of potential efficiencies. Based on visual
analysis of power spectra from the experimental flue pipe, the pipe probably has a high
quality factor, making the low efficiency estimate more accurate than the high efficiencies
calculated with low quality factors.
The quality factor influences both the frequency response and the amplitude of the
pressure response of a resonator. Therefore, although a lower quality factor will indeed
dissipate more work if the pressure and velocity amplitude responses are held constant, the
attenuation that occurs creates an interdependent relationship between the quality factor,
the pressure amplitude response of the resonator, the energy stored in the resonator, and the
energy that is dissipated. An optimum quality factor is that which allows a strong amplitude
response while dissipating the most energy.
There are a number of new avenues of exploration that came out of this thesis. First,
further research should establish a procedure for finding the optimal quality factor of a flue
pipe whose purpose is to extract work from a refrigeration cycle. Second, this research
assumed that the operating fluid was entirely in the vapor state. Under real operating
conditions, however, the operating fluid can be either in the vapor phase or in a two-phase
regime. More research is needed to determine the behavior of a flue pipe when the working
fluid exists in two phases because the conclusions drawn in this study may not be applicable to
such a situation. Finally, the positive results gained from this theoretical analysis show that
there is value in constructing an experimental setup to test whether flue pipe mechanisms
could indeed improve the efficiency of a refrigeration cycle.
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